Trichromatic color vision in humans results from the combination of red, green, and blue photopigment opsins. Although color vision genes have been the targets of active molecular and psychophysical research on color vision abnormalities, little is known about patterns of normal genetic variation in these genes among global human populations. The current study presents nucleotide sequence analyses and tests of neutrality for a 5.5-kb region of the X-linked long-wave "red" opsin gene (OPN1LW) in 236 individuals from ethnically diverse human populations. Our analysis of the recombination landscape across OPN1LW reveals an unusual haplotype structure associated with amino acid replacement variation in exon 3 that is consistent with gene conversion. Compared with the absence of OPN1LW amino acid replacement fixation since divergence from chimpanzee, the human population exhibits a significant excess of high-frequency OPN1LW replacements. Our results suggest that subtle changes in L-cone opsin wavelength absorption may have been adaptive during human evolution.
Introduction
Trichromatic color vision in humans is made possible by three genes that code for red, green, and blue light-sensitive cone pigments (Nathans et al. 1986 ). Retinal photoreceptor cells that contain either short (S)-, middle (M)-, or long (L)-wavelength cone pigments have spectral sensitivities that enable light absorption and color vision. These visual pigments are small membrane-bound G-protein-coupled photoreceptors ( fig. 1 ), which contain an 11-cis retinal chromophore surrounded by an "opsin" protein that has seven a-helical barrels connected by loops (Sharpe et al. 1999 ) and that has wavelength absorption maxima (l max ) at either 420 (blue, S), 530 (green, M), or 560 (red, L) nm in the visible light spectrum. The phenotypic expression of mutations in the genes that code for these photopigments has long been studied in human patients because of the mutations' association with color blindness, which occurs in ∼8% of the male population (Sharpe et al. 1999) .
Human S-cone opsins show only 43% amino acid identity with M-and L-cone opsins, whereas the M-and L-cone opsins are 96% identical (in 364 amino acids), suggesting that the chromosome 7-linked S-cone opsin gene and X-chromosome-linked L/M-cone opsin genes diverged ∼300-500 million years ago (MYA) (Nathans et al. 1986 ). The L-(OPN1LW [MIM 303900]) and M-cone (OPN1MW) opsins are probably the result of a tandem duplication ∼30-40 MYA, because only a single X-linked opsin gene is found in most New World primates, whereas Old World primates (including humans) possess both the OPN1LW and OPN1MW genes (Sharpe et al. 1999) . OPN1LW and OPN1MW genes are separated by only 24 kb; therefore, frequent unequal recombination and gene conversion between these genes often result in deletions and duplications in this gene array that can cause color blindness (Hayashi et al. 1999 ). Because of this frequent exchange, X chromosomes have around one to five OPN1MW copies, whereas individuals rarely have more than one OPN1LW copy (Sjoberg et al. 1998; Sharpe et al. 1999; Carroll et al. 2002) .
The OPN1LW and OPN1MW genes have six exons and are 15 and 13.7 kb in length, respectively, differing by the presence of Alu repeats in intron 1 of OPN1LW (Jorgensen et al. 1990) . Exons 1 and 6 are identical in nucleotide sequence for OPN1LW and OPN1MW genes, but exons 2-5, which code for a-helices that contact the chromophore, contain several amino acid replacement variants that greatly influence l max (Merbs and Nathans 1992; Asenjo et al. 1994; Sharpe et al. 1998) . Three amino acid changes account for the majority of the variation in l max , an observation that remains consistent even across distantly related taxa (Yokoyama and Radlwimmer 2001) . These changes are a Ser180Ala variant (∼5-nm difference) coded by exon 3 and Tyr277Phe (∼7 nm) and Thr285Ala (∼14 nm) variants coded by exon 5.
All expressed L-cone opsins have the Tyr277 and Thr285 residues, whereas expressed M-cone opsins
Figure 1
Diagram of the opsin pigment with the seven a-helical barrels that form a ring around a light-trapping chromophore. Each circle on the polypeptide chain represents 1 of the 364 amino acids that form the L-cone opsin pigments. The Y277F and T285A variants distinguish L-and M-cone pigments' l max . Eight polymorphic residues were found in this study (table 3). have the Phe277 and Ala285 residues ). However, OPN1LW and OPN1MW genes also share four amino acid replacement polymorphisms in exon 3, including the Ser180Ala variant (Merbs and Nathans 1992; Winderickx et al. 1992 Winderickx et al. , 1993 Asenjo et al. 1994; Sharpe et al. 1998) . Humans and other primates also share several L-and M-cone opsin amino acid polymorphisms; however, human OPN1LW and OPN1MW introns are more closely related to each other than they are to their homologs in other primates (Shyue et al. 1994; Zhou and Li 1996; Boissinot et al. 1998) . Therefore, because of gene conversion, introns have become historically homogenized between OPN1LW and OPN1MW, yet purifying selection has maintained specific amino acid differences (i.e., 277 and 285) between L-and M-cone opsins.
Despite the several hundreds of studies on the functional and genetic basis of color vision variation, most have focused on genetic variation among color-blind individuals. There have been a few studies of codingregion variation in European-derived populations (Winderickx et al. 1993; Sharpe et al. 1998 ), yet there has never been a study of nucleotide diversity in both coding and noncoding regions of the color vision genes across a random sample of geographically diverse ethnic groups. Although M-cone variants are rare and exhibit no measurable effect on l max , L-cone variants are common in number (eight) and in frequency (several 120%), cause l max to shift ∼1-5 nm, and have been linked to differences in color vision perception for humans and other primates Jameson et al. 2001; Regan et al. 2001) .
Although previous studies attempted to estimate the adaptive value of L-cone variants with functional analyses Jameson et al. 2001) , these variants are typically discounted because they result in subtle effects on l max , compared with other residues (i.e., 277 and 285). However, molecular evolutionary genetic analyses can elucidate the adaptive value of SNPs by inferring their historical impact on the underlying haplotype structure. In the current study, we characterized DNA sequence diversity, linkage disequilibrium (LD), and recombination patterns for a 5.5-kb region of OPN1LW in a global sample of 236 humans. In comparing polymorphism and fixation between humans and chimpanzees along coding and noncoding regions of OPN1LW, we apply population genetic and statistical analyses to detect how natural selection and gene conversion have historically shaped diversity at this gene. An understanding of the molecular evolution of color vision will have broad implications for many disciplines, including medical and physiological research that focuses on how sensory perception has evolved in humans and other primates.
Subjects and Methods

Population Samples
The OPN1LW gene resides on the X chromosome (Xq28); therefore, a sampling of males enabled the unambiguous determination of all polymorphic sites (i.e., no heterozygous sites) and the complete haplotype phase for all individuals. Nucleotide sequence variation was surveyed from 236 men from 19 groups (table 1). Our sub-Saharan African sample (labeled as "African") consists of 163 individuals from 11 different groups. In cases where we had very small sample sizes (often !5) for distinct ethnic groups, these groups were pooled by country of origin (e.g., Sierra Leone, Gambia, Nigeria, Cameroon, or South Africa). We also sampled 73 individuals from outside of sub-Saharan Africa (referred to as "nonAfrican"). Finally, the same OPN1LW fragment was sequenced from six unrelated male chimpanzees (Pan troglodytes) for interspecific comparisons. This study was approved by the institutional review board at the University of Maryland, and all samples were gathered with informed consent.
PCR and Sequence Determination
Primers constructed from regions of exons 2 and 5 that distinguish OPN1LW from OPN1MW genes were adapted from Winderickx et al. (1992) , to amplify single OPN1LW gene copies by PCR. The region amplified is shown in figure 2 , and primers can be found at the Tishkoff Web page. PCR products were prepared for sequencing with shrimp alkaline phosphatase and exonuclease I (U.S. Biochemicals). All nucleotide sequence data were obtained using the ABI Big Dye terminator kit and 3100 automated sequencer (Applied Biosystems). Sequence files were aligned using the Sequencher v. 4.0.5 program (Gene Codes).
As described above, the amino acid residues 277 and 285, coded by exon 5, largely determine the opsins' l max . In this study, we analyzed nucleotide sequence variation associated with L-cone opsin phenotypes; therefore, only nucleotide sequences that coded for Tyr277 and Thr285 were included in our analyses. Although X chromosomes rarely have more than one OPN1LW copy, in the rare cases in which heterozygous sites were observed (!5% of our sequences), these individuals were excluded to ensure analysis of single OPN1LW haplotypes.
Data Analysis
Individuals were chosen with no a priori knowledge of their color vision phenotypes; thus, our data set represents a random sample of genetic variation, at the OPN1LW locus, across geographic regions of human populations appropriate for statistical tests of neutrality. African populations typically have significantly higher levels of genetic diversity compared with other regions, which is consistent with a larger and more ancestral effective population size (N e ) for African groups and a relatively recent ancestry and smaller N e for other regions (Tishkoff and Williams 2002; Tishkoff and Verrelli 2003a) . Differences in demographic histories can result in distinct patterns of LD and haplotype structure; therefore, our African and non-African samples were analyzed separately for all statistical tests. Silent polymorphisms (this term refers, throughout the present article, to introns and synonymous sites in exons) do not alter the amino acid sequence; therefore,
Figure 2
Diagram of sequenced 5.5-kb OPN1LW region with LD plots. The large black boxes are exon 3 (169 bp), exon 4 (166 bp), and partial exon 5 (121 bp), which are separated by introns 2 (1,987 bp), 3 (1,467 bp), and 4 (1,554 bp). Dashed lines are replacement SNPs. Plots represent pairwise associations among the 78 variants from the 163 Africans (bottom half) and among the 46 variants from the 73 nonAfricans (top half). Red and blue blocks are pairwise associations that exhibit significantly less LD and significantly more LD, respectively, than expected on the basis of the ML estimate of r MAF (see the "Subjects and Methods" section).
they are typically expected to reflect the neutral mutation rate in humans. Estimates of genetic diversity and statistical tests for exons and introns were calculated independently to determine whether replacements sites (i.e., amino acid residues) are neutrally evolving compared with silent sites.
Estimates of locus-specific diversity, based on the number of segregating sites (S) and corrected by sample size, were calculated using Watterson's v (Watterson 1975) . This was compared with an estimate based on the average number of pairwise differences per base pair among all alleles (p). These two estimates of the parameter v p (for X-linked genes, where m is the mutation rate) 3N m e were calculated for silent and replacement sites across populations and gene regions, by use of the Rozas and Rozas (1999) DnaSP v. 4.0 program (available at the Rozas Web page). The estimates S and p are expected to be equal under a model of neutrality, which can be assessed using Tajima's (1989) There is compelling evidence from archeological and genetic studies, including nucleotide sequence analyses (see reviews by Tishkoff and Williams [2002] and by Tishkoff and Verrelli [2003a] ), that the human population rapidly expanded in size ∼50-200 thousand years ago (KYA) from an N e of ∼10,000 individuals. Tajima's D test assumes a constant historical population size; therefore, test results may be consistent with demographic influences such as population structure (positive D) or expansion (negative D). Tajima's D test also assumes no recombination in the sample of nucleotide sequences; however, this is an invalid assumption for genes that have a history of gene conversion, which can greatly affect this statistical test (Ardlie et al. 2001) . We used Hudson's (2002) ms program (available at the Hudson Web page) to generate 10,000 genealogical trees simulating exponential population expansion, with generation times of 20 years, at periods of 50, 100, or 200 KYA from historical N e , of 0.0001%, 0.001%, or 0.005% of the current size of . We also incorporated the effects 9 10 of recombination into these simulations by varying the recombination parameter (for X-linked genes, r p 3N r e where r is the recombination rate per nucleotide site) at intervals of 0 (no recombination) to 100, for each run. These simulated distributions of Tajima's D values under different recombination parameters and population expansion times and sizes serve as a more appropriate model of human evolution with which to test our observed Tajima's D values for statistical significance.
We calculated F ST (by use of DnaSP) as a relative estimate of population differentiation for the major defined groups of Africans and non-Africans (with estimates weighted by sample size), and we tested these estimates for statistical significance by use of simulations from the permtest program of Hudson (2000) that is implemented in DnaSP. We also compared the frequencies of single amino acid polymorphisms between the major geographic regions of sampled Africans and nonAfricans, with standard x 2 tests. A simple neutral model predicts that drift and mutation rate determine the level of nucleotide variation that accumulates within and between species; therefore, the relative amount of within-species polymorphism should reflect the amount of between-species fixation under neutrality (McDonald and Kreitman 1991) . Genetic diversity for human OPN1LW was compared with fixation between human and chimpanzee OPN1LW sequences to test this hypothesis. Although introns and exons are expected to have different levels of constraint and inferred mutation rates under neutrality, we still expect that the ratios of polymorphism to fixation will be similar across these regions (J. H. McDonald, personal communication).
For example, if we observe more replacement polymorphism than silent-site polymorphism, we would then expect proportionately more replacement fixation than silent-site fixation. The Hudson, Kreitman, and Aguade (HKA) test (Hudson et al. 1987 ) was applied to test whether levels of variation across coding regions were consistent with that of noncoding regions. We also tested whether OPN1LW replacement polymorphisms were consistent with neutrality by comparing the ratio of replacement polymorphism to fixation with the ratio of silent-site polymorphism to fixation (in introns and exons) using a Fisher's exact test of independence that was described by McDonald and Kreitman (1991) .
Although population genetic analyses traditionally test for significant LD utilizing different summary statistics (i.e., D or ), a more appropriate theoretical method 2 r would take into consideration the underlying recombination rate (r) across the genomic region being tested (Hudson 2001) . Although this has historically been impractical, maximum-likelihood (ML) methods for estimating r have recently become less computationally intensive. We used the LDhat program of McVean et al. (2002) (available at the McVean Web page)-which uses the approximate-likelihood method of Hudson (2001) to estimate r (r MAF ) across the 5.5-kb region. A permutation analysis is then conducted to determine whether pairwise comparisons among SNPs exhibit significantly more or less LD, given the SNP allele frequencies and underlying gene-specific estimate of r MAF . We then employed the "hotspotter" program of Li and Stephens (2003) (available at the Stephens Web page), which also generates a gene-specific estimate of r (r LS ) by use of a ML method, but, in contrast to the LDhat algorithm, tests for varying recombination rates across the OPN1LW region. This algorithm tests whether a model that includes a recombination "hotspot" has a significantly higher likelihood (ML HOT ) in explaining the haplotype structure than does a model that ignores variation in recombination rates (ML NOT ).
Results
OPN1LW Population Variation
A diagram of the 5.5-kb region of the OPN1LW gene that was surveyed in this study is shown in figure 2 . There are 456 bp in exons 3-5 and 5,008 bp in introns 2-4 that result in a total of 5,118 effectively neutral silent sites. In our global sample of 236 chromosomes, we find 85 variants in the 5.5-kb region, which includes two 2-bp in/dels in intron 3. Of the 83 SNPs, there are 9 replacement and 5 silent SNPs in exons, all of which occur in exons 3 and 4 (table 2). The nine replacements result in eight changes to the amino acid sequence, because two replacement SNPs in exon 4 are completely fig. 2 ; numbers starting with the first base pair of intron 2) and together result in an Ala233Ser variant.
Africans have twice as much silent-site diversity (p) as do non-Africans (tables 1 and 2), and our global F ST of 0.16 ( ) is comparable to other nucleotide P ! .0001 studies (Tishkoff and Verrelli 2003a) . We find significant differentiation between Africans and non-Africans ( ; ), yet there is also significant dif-F p 0.10 P ! .0001 ST ferentiation among the 8 African groups ( ; F p 0.06 ST ) and among the 11 non-African groups P ! .0001 ( ; ). In addition, Africans and non-F p 0.28 P ! .0001 ST Africans possess the same nine replacement SNPs; however, these two samples show significant frequency differences for several amino acid variants (table 3) .
Neutrality Tests
OPN1LW is X-linked; therefore, diversity estimates need to be adjusted (multiplied by 4/3) for comparisons with autosomal genes. The adjusted estimate for OPN1LW ( ) is more than three times the p p 0.31% adj average diversity for autosomal and X-linked human genes ( ) (Nachman 2001; Tishkoff and Verp p 0.10% relli 2003a). However, silent-site fixation at OPN1LW (0.9%) is similar to other comparisons between humans and chimpanzees (1.1%) (Przeworski et al. 2000; Nachman 2001) , which suggests that silent sites reflect the typical neutral fixation rate. Our HKA analyses find that the ratio of polymorphism/fixation was significantly greater in exons versus introns for Africans (14/0 vs. 62/ 45;
) and non-Africans (13/0 vs. 32/45; P p .015 P p ). In addition, our significant McDonald-Kreitman .001 (table 2) , a result typically observed at many human genes and consistent with a model of historical population expansion. However, when we simulated the allelic frequency distribution under models of varying population growth, we observed significant positive D values for exon 3 replacements and intron 3 in Africans, as well as for exon 3 replacements in nonAfricans (all ). In fact, our simulations indicate P ! .01 that a neutral model could explain the observed replacement frequency distributions only if the human population had expanded 1200 KYA from an N e 150,000. However, this time period and size of expansion are much older and larger, respectively, than predicted by the majority of genetic, morphological, and archaeological studies. estimates for non-Africans are larger than those for Africans, this difference is not statistically significant and probably reflects the high variance associated with estimates of . Figure 2 shows r 1 100 the results of the LDhat permutation analysis that tests for significantly high or low LD among SNPs, given the underlying recombination estimate for the gene region (r MAF ). In light of the high estimates of r for Africans ( ) and non-Africans ( ), it is not r p 95 r p 100 MAF MAF surprising that !2% of the pairwise comparisons among SNPs exhibit significant LD, all of which are sporadically found among introns 2, 3, and 4. However, in spite of these high estimates of r MAF , we find that a number of pairwise comparisons exhibit significantly less LD than expected. Of particular interest is the observation that these pairwise comparisons are clustered around exon 3 in Africans and non-Africans, suggesting that this "cluster" is not population specific. When we applied the Li and Stephens (2003) hotspotter algorithm to test our data for a localized region with elevated r, we found that the interval spanning SNPs 1817-2342 has an estimated r that is 20 and 5 times greater in Africans and non-Africans, respectively, than any other interval of the gene ( ). In fact, compared with a model that ignores P ! .05 recombination rate heterogeneity (ML NOT ), a model that assumes a recombination hotspot (ML HOT ) more likely explains the African ( times more likely; 19 9 # 10 P ! ) and non-African (148 times more likely; ) .05 P ! .05 haplotype structures.
LD and Haplotype Structure
Discussion
Previous analyses of the OPN1LW gene had revealed several replacement SNPs in color-normal and color-blind individuals; however, a population genetic analysis has never been conducted on a random sample of OPN1LW nucleotide sequences. As with other studies, we have discovered nine replacement SNPs in our global sample of 236 human chromosomes; however, we have also revealed an additional 74 silent SNPs at OPN1LW. With this new data set, our analysis of coding and noncoding regions reveals an unusual haplotype structure associated with replacement variation in exon 3 that is consistent with gene conversion at OPN1LW in Africans and non-Africans. Additionally, by combining intra-and interspecific comparisons, we demonstrate that L-cone opsin amino acid variation is not consistent with a neutral model of molecular evolution.
Gene Conversion and OPN1LW Variation
Compared with estimates for other genes, including others in the Xq28 region where OPN1LW is found (Ardlie et al. 2001; Frisse et al. 2001; Hudson 2001; Przeworski and Wall 2001; Reich et al. 2002) , we find an unusually high level of recombination across the 5.5-kb region. More specifically, we find a significantly elevated r in an interval of ∼530 bp that is centered on the 169 bp of exon 3. These results support a previous study that suggested gene conversion with OPN1MW in exon 3 results in shared variation (Winderickx et al. 1993) . Several studies have proposed that the small "hotspots" of recombination that are commonly dispersed throughout the genome are a result of gene conversion. In fact, Crawford et al. (2004) have recently estimated that the hotspot frequency may be one in every 63 kb in the human genome. Because recombination probably affects the haplotype structure on a larger scale, the unusual haplotype blocks found over smaller localized regions that mimic recombination hotspots are more consistent with gene conversion (Ardlie et al. 2001; Frisse et al. 2001; Przeworski and Wall 2001; Reich et al. 2002; Li and Stephens 2003; Wall 2004; Ptak et al. 2004) . Although the hotspotter algorithm was developed to identify "recombination hotspots," simulations of nucleotide sequence data with varying levels of gene conversion did not lead to the false identification of hotspots when they are not present in the data (Crawford et al. 2004) .
A major consideration is that these algorithms do not take into account the impact of natural selection. In fact, evidence from our data set as well as others' (Shyue et al. 1994; Zhou and Li 1996; Hayashi et al. 1999 ) strongly suggests that gene conversion occurs quite frequently across the entire OPN1LW gene region. Gene conversion may increase LD on a local scale because of the insertion of sequence "tracks" as small as 50 bp (Petes 2001) ; however, in the "hotspot" interval that includes exon 3, we find a significant lack of LD and the presence of all four gametic types for some pairs of SNPs separated by !20 bp. Therefore, it is unclear whether this pattern is the result of gene conversion alone or whether it is due to the combined effects of gene conversion and natural selection, which we discuss below.
Theoretical studies have shown that, relative to a single-gene model, polymorphism may be elevated at duplicated genes due to gene conversion (Innan 2002 (Innan , 2003a (Innan , 2003b , consistent with our observation of elevated diversity at the OPN1LW locus. Genetic drift at duplicated gene copies occurs more slowly than at single genes because variation "migrates" between gene copies as a result of gene conversion. Nonetheless, variation will eventually become fixed due to drift, and, in fact, even balancing selection cannot maintain adaptive alleles indefinitely (Takahata et al. 1992) . Innan (2002 Innan ( , 2003b has shown that typical models of molecular evolution and specific interlocus comparisons (i.e., HKA statistical tests) are invalid because of the higher expectation of variation at duplicated genes than at single genes. However, our HKA tests of coding and noncoding regions are valid, given that these regions have been subject to the same historical duplication event. In addition, although gene conversion may retard the level of fixation between duplicated copies, gene conversion is not expected to significantly alter the level of neutral fixation between humans and chimpanzees (Innan 2002 (Innan , 2003b . As expected, in the face of gene conversion, we find that silent-site fixation has historically occurred between humans and chimpanzees across all introns. On the contrary, given the absence of fixed differences in exons, the number of SNPs in these regions is not expected under the neutral model.
Multiple Signatures of Selection
Recent work indicates that primates have higher mutation rates in exons than in introns because of a greater number of CpG dinucleotides in coding regions (Subramanian and Kumar 2003) . However, an excess of CpG dinucleotides cannot account for the excess of SNPs at OPN1LW, since a higher proportion of CpG island SNPs occur in introns (24/69) than in exons (3/14). If gene conversion does inflate polymorphism, then it is possible that the overall excess of exon SNPs, as indicated by our HKA analyses, is a result of the detected "recombination hotspot" centered on exon 3, given that 9 of the 14 coding-region SNPs are found in this exon. Although this may be true, our McDonald-Kreitman tests are consistent with an excess of only replacement SNPs. Gene conversion may inflate the overall variation at a locus; however, it is unclear why gene conversion would inflate the number of replacement SNPs and not that of silent SNPs.
A significant excess of replacement SNPs is typically explained by either balancing selection or "slightly" deleterious selection. If purifying selection against replacement SNPs is weak because they are only slightly deleterious, then these SNPs may remain polymorphic at low frequencies, but weak purifying selection keeps them from reaching high frequencies and fixation (Ohta 1992; Fay et al. 2001 ). This theory is in accordance with numerous human genes that possess replacement SNPs that are very rare in frequency (Nachman et al. 1996; Nielsen and Weinreich 1999) . However, derived replacements at . The X-axis shows frequency bins; the "100%" bin refers to fixations between chimpanzee U p 2.93 P ! .01 df ϱ and human OPN1LW. The Y-axis is the relative proportion of the different frequency bins found on the X-axis (e.g., 40% of the silent SNPs in Africans are each found at ∼10% frequency, whereas 57% of the replacement SNPs in Africans are each found at ∼10% frequency).
OPN1LW are found at frequencies as high as 22%-90% (table 3) . Although this suggests that they are not rare in frequency, it is unclear if this frequency distribution is consistent with a slightly deleterious selection model.
One way to examine the frequency distributions of SNPs is with Tajima's D test. When we simulated potential scenarios of human population growth, our Tajima's D analyses show that replacement SNPs in exon 3 are found at significantly high frequencies in Africans and non-Africans (table 2) . Intron 3 of Africans shows a significant result as well; however, other tests indicate that this region is evolving neutrally, so it is possible that this pattern is simply a result of historical hitchhiking with exon 3. Simulations of population growth were similarly employed by Wooding et al. (2004) in demonstrating that amino acid polymorphisms at the PTC gene were significantly high in frequency and were consistent with selection.
A second way to analyze amino acid frequency distributions is to compare them with the frequency distributions of silent SNPs, which are expected to reflect neutrality (Akashi 1999) . Here, we employ a Mann-Whitney U (MWU) test (Akashi and Schaeffer 1997) that combines the Tajima (1989) and McDonald-Kreitman (1991) tests but which is statistically more powerful for rejecting a slightly deleterious model (Akashi 1999) . If replacement polymorphisms are slightly deleterious, then we may expect them to be found at significantly rarer frequencies than silent SNPs. For our MWU test, we first compared chimpanzee and human sequences to determine the derived state at each human SNP. Frequency distributions for silent and replacement changes were created with frequency bins ( fig. 3) , where the 100% frequency bin represents the "fixed" class and all other bins are SNP classes. Figure 3 shows that the overall pattern of replacement SNPs in non-Africans may be consistent with a model of weak purifying selection, whereas the excess of replacement SNPs in Africans is not consistent with this model.
Whereas it is possible to reject a null model of neutrality at OPNILW, it is more difficult to test specific alternative models of selection. Nonetheless, our statistically significant McDonald-Kreitman, Tajima, and MWU test results for replacement SNPs in Africans are consistent with a model of balancing selection (i.e., maintenance of high-frequency alleles), whereas the overall pattern of replacement SNPs in non-Africans may be consistent with weak purifying selection. However, we may interpret these results as a reflection of the differential selection pressures across exons. For example, it is clear from the rare frequencies of SNPs in exon 4 and the absence of SNPs in exon 5 that purifying selection removes replacements that cause large l max changes. On the contrary, the high frequencies of replacement SNPs in exon 3 that have subtle effects on l max may be a result of balancing selection in Africans as well as non-Africans. In fact, this selection model may also explain the detected "recombination hotspot" that is centered on the 169 bp of exon 3. If gene conversion events generate combinations of replacement SNPs that are adaptive, then these conversion events will be maintained more often than those that result in neutral variation or, more importantly, deleterious variation. Therefore, it may be the case that selection-and not a "recombination hotspot"-is responsible for the high haplotype diversity around exon 3.
Without further characterizing the nucleotide diversity at OPN1MW, we cannot rule out the possibility that balancing selection operates at OPN1MW as well. However, it is highly unlikely that selection at OPN1MW alone explains the different patterns of variation and divergence associated with silent and replacement sites at OPN1LW. Previous studies of this gene region show that OPN1MW has only four replacement SNPs, all of which are shared with OPN1LW in exon 3, are reportedly rare in frequency, and show no effect on M-cone opsin l max (Merbs and Nathans 1992; Winderickx et al. 1992 Winderickx et al. , 1993 Asenjo et al. 1994; Sharpe et al. 1998) . It is clear that signatures of selection at OPN1LW are complex and may be consistent with balancing selection at exon 3 and purifying selection at exons 4 and 5. Further analyses focused on these specific regions in OPN1LW and OPN1MW will reveal how selection and gene conversion have influenced the evolution of color vision phenotypes.
Balancing selection and gene conversion may also explain the observation that many primates and humans share the same OPN1LW replacement SNPs (Deeb et al. 1994; Boissinot et al. 1998) . If this were true, we might expect an excess of linked silent-site diversity (Slatkin 2000; Navarro and Barton 2002) and genealogies with branch lengths that are longer (i.e., "older") relative to a neutral model, as is seen at MHC-HLA (Takahata et al. 1992; Garrigan and Hedrick 2003) . However, this expectation may not be similar across genomic regions because of recombination and gene conversion rate heterogeneity (Przeworski and Wall 2001) . The unique haplotype structure associated with exon 3 and the fact that SNPs have become fixed in introns but not in exons demonstrates that replacement and neutral SNPs have historically become uncoupled from each other by gene conversion and recombination. Therefore, a significant excess of linked neutral variation is not expected, and coalescence analyses will not result in "old" age estimates for haplotypes.
Finally, non-Africans commonly show greater LD than do Africans, owing to the larger N e of the latter (Tishkoff and Verrelli 2003a ), yet this is not seen in our data set. However, over short chromosomal distances, gene conversion and selection may play a large role in the decay of LD and may produce a similar haplotype structure across Africans and non-Africans (Frisse et al. 2001; Reich et al. 2002) . Demographic influences are also seen in our analyses of geographic variation. Several replacement SNPs exhibit significant geographic variation, most notably the 22% difference for the Ser180Ala variant that shifts l max ∼5 nm. Because silent SNPs also exhibit geographic variation, the geographic variation observed for replacement SNPs between Africans and non-Africans may be consistent with a model of genetic drift and reduced gene flow. With additional global sampling of OPN1LW haplotypes, we can determine whether specific replacement SNP combinations may have been adaptive in different geographic regions.
Selection for Color Discrimination?
In vitro analyses have shown that OPN1LW replacement SNPs significantly shift l max into the "red-orange" visual spectrum (Asenjo et al. 1994; Sharpe et al. 1998; Carroll et al. 2002) . As a result of random X inactivation, red and red-orange pigments are expressed in females heterozygous for different OPN1LW haplotypes and enable discrimination among colors in the red-orange spectrum, compared with expression in homozygous individuals (Jameson et al. 2001) . Many New World primate species are dichromatic; however, species that have a single X-linked opsin gene often segregate L-and Mlike alleles that enable heterozygous females to be trichromatic. These different alleles have routinely been argued to be balanced polymorphisms (Mollon et al. 1984; Surridge et al. 2003) , because they enable discrimination among colored fruits, insects, and background foliage (Dominy and Lucas 2001; Regan et al. 2001; Lucas et al. 2003) . Additionally, transgenically constructed mice heterozygous for L-cone opsin variation display significant differences in the chromatic sensitivities of retinal ganglion cells (Smallwood et al. 2003) . As with other primates, L-cone color vision variation may have been adaptive during the evolution of humans, who, until 10 KYA, thrived from hunting-gathering activities, with females playing the primary role in gathering. Although not all replacements may result in detectable l max shifts, there is convincing evidence that other aspects of photoreceptor function may be altered, such as the efficiency with which the photoreceptor absorbs light (Neitz et al. 1999 ). Because we find that populations possess high Lcone haplotype diversity (table 1), future functional studies should focus on haplotypes (Carroll et al. 2002) -and not single SNPs-when determining L-cone opsin l max .
As a final comment, models that incorporate gene conversion and selection may explain LD hotspots in some genomic regions and therefore will have important implications for "tagged" SNPs and mapping studies, like the HapMap project, that rely on patterns of LD remaining somewhat consistent across chromosomal regions and populations (Clark 2003; Tishkoff and Verrelli 2003b; Wall and Pritchard 2003) . For example, gene conversion at OPN1LW may create localized low LD within the long-range high LD in Xq28 that has been generated by recent selection for malarial resistance at G6PD (Tishkoff et al. 2001; Sabeti et al. 2002; Saunders et al. 2002; Verrelli et al. 2002) . In addition, gene conversion may be elevated in regions in which duplicated gene copies are still somewhat similar. Therefore, if gene duplication has played as large a role in human evolution as is predicted, then fine-scale DNA sequence analyses will be important for determining how gene conversion generates complex phenotypes like color vision.
